Low-altitude radar reflectivity measurements of tornadoes sometimes reveal a donut-shaped signature (low-reflectivity eye surrounded by a high-reflectivity annulus) and at other times reveal a high-reflectivity knob associated with the tornado. The differences appear to be due to such factors as (i) the radar's sampling resolution, (ii) the presence or absence of lofted debris and a low-reflectivity eye, (iii) whether measurements were made within the lowest few hundred meters where centrifuged hydrometeors and smaller debris particles were recycled back into the tornadic circulation, and (iv) the presence or absence of multiple vortices in the parent tornado.
Introduction
Radar reflectivity measurements made in tornadoes near the radar reveal the presence of weak-echo holes that coincide with the center of the tornado vortex. The hole or eye is surrounded by a ring or annulus of high reflectivities forming a donut-shaped signature. The eye arises from the centrifuging of debris and hydrometeors within the tornadic circulation, as simulated in the high-resolution tornado numerical model of Dowell et al. (2005, hereafter D05) . Fujita (1981) and Fujita and Wakimoto (1982) document weak-echo holes coincident with the locations of tornadoes within 10 km of a Weather Surveillance Radar-1957 (WSR-57) . Using the National Severe Storms Laboratory's (NSSL) 10.6-cmwavelength, high-resolution (0.58 azimuthal sampling interval and 150-m range spacing) Doppler radar, Lemon et al. (1982) and Johnson and Ziegler (1984) found that weak-echo holes at about 70-km range were coincident with tornadic vortex signatures (e.g., Brown et al. 1978) and extended from low altitudes to the top of the storm. The hole differed from a bounded weak-echo region in that it was smaller and it was not capped by high reflectivities at upper altitudes, but extended uninterrupted to just beneath the storm summit. Wakimoto and Martner (1992) use high-resolution proximity single-Doppler radar measurements and photographs to compare the detailed structural relationship of a tornado's reflectivity (including a low-reflectivity eye) and Doppler velocity fields with its visual features. Wakimoto et al. (1996 Wakimoto et al. ( , 2003 show that the presence of a weak-echo eye in airborne Doppler radar observations is coincident with photographic documentation of the tornado center. Proximity radar observations of tornadoes by mobile, high-resolution Doppler radars reveal details about the three-dimensional structure of the tornado vortex, including (a) spiral bands of high reflectivities surrounding a low-reflectivity eye and (b) a tapering of a high-reflectivity annulus toward the surface, both of which are coincident with the center of the vortex (Wurman et al. 1996; Bluestein and Pazmany 2000; Wurman and Gill 2000; Wurman and Alexander 2004; Wurman and Samaras 2004; Alexander and Wurman 2005; Bluestein et al. 2003; Bluestein 2005; D05; Bluestein et al. 2007) .
D05 speculate that raindrops, and sometimes debris, are the usual scatterers observed by radar in a tornado's high-reflectivity annulus. With their high-resolution tornado numerical model, they demonstrate that the centrifuging of hydrometeors and debris produces a minimum in the number of particles within the vortex core and produces a maximum in a surrounding annulus.
WSR-88D observations of the 3 May 1999 Oklahoma City, Oklahoma, tornado (which produced F5 damage), however, revealed a prominent ''knob'' in the hook echo at the lowest elevation angles when the tornado passed relatively close (15-60 km) to the Twin Lakes, Oklahoma (KTLX), and the Radar Operations Center, Norman, Oklahoma (KCRI), WSR-88D sites (Burgess et al. 2002) . The knob signature represents a local region of high reflectivities including debris coincident with the center of the tornado vortex at low altitudes.
While the tornado was passing through populated areas, the high-reflectivity maximum in the knob extended upward to a few kilometers in height. After the tornado exited the areas, reflectivity within the knob decreased. On the same day, two high-resolution, 3-cm-wavelength, mobile Doppler on Wheels (DOW) radars observed the same tornado at very close range (2-8 km) and revealed on some occasions the presence of a weakreflectivity eye and on other occasions a strongreflectivity knob coincident with the center of the tornado vortex (Burgess et al. 2002) .
Since a mean Doppler velocity value is the reflectivityweighted mean of the radial motion of all the radar scatterers within the radar beam, it is not clear how the nonuniform distribution of scatterers within a tornado affects the distribution of Doppler velocity values across the tornado relative to the true distribution of the tangential velocity values. We attempt to resolve this issue by using a WSR-88D emulator to simulate Doppler velocity and reflectivity measurements within three tornadic circulations that had been generated by the high-resolution tornado numerical model of D05. Both the WSR-88D legacy-and super-resolution sampling modes are employed to produce simulated Doppler velocity and reflectivity measurements. The resolution of the data that has been collected since the installation of WSR-88Ds during the 1990s is referred to as ''legacy'' resolution. Super-resolution reflectivity and Doppler velocity data are displayed at 0.58 instead of 1.08 azimuthal sampling intervals and the reflectivity data are displayed at 0.25-km instead of 1.0-km range intervals.
Approach
a. Description of tornado numerical model D05 employ a high-resolution tornado numerical model to study particle motions and concentrations in tornadoes. The model, similar to the Fiedler (1993) numerical model, consists of two-dimensional, axisymmetric forced convection inside a closed, impermeable cylinder that rotates at a constant angular velocity. Ideally, this represents a rotating updraft within which the initial vertical vorticity is concentrated to produce a tornadic circulation. The governing equations in the numerical model were solved on a uniform Cartesian grid having radial and vertical spacings that differed among the simulated tornadoes. The top, bottom, and radial sides of the domain were rigid with no-slip boundary conditions. D05 demonstrate how an initially uniform distribution of precipitation particles and debris objects responds to vortex airflow. They employ a number of simplifying assumptions, including that the precipitation particles do not coalesce or break up and do not affect the airflow. The drag coefficient for debris is assumed to be isotropic and independent of object-relative airspeed that characterizes an object's drag properties when falling at its terminal velocity.
Since raindrop sizes within real tornadoes are unknown, D05 use a range of raindrop sizes to determine the degree of accumulation of hydrometeors in a surrounding annulus and the rate of expansion of the annulus in the vortex region. They find that (a) smaller raindrops (0.5-mm diameter) are centrifuged but contribute less to total reflectivity than larger drops and (b) larger raindrops ($5 mm diameter) are centrifuged too far away from the vortex center.
For this study, we chose a drop diameter of 1.5 mm (corresponding to a terminal fall velocity of 5.4 m s 21 ) to produce a reasonably sized high-reflectivity annulus. Terminal fall velocity, based on the laboratory experiments of Gunn and Kinzer (1949) , was assumed to be constant with height, because the air density in the idealized numerical model is constant throughout the domain. With time, the centrifuging of raindrops by the vortex airflow produced a minimum concentration of drops at the center of the vortex and a maximum concentration in an annulus surrounding the center. Model reflectivity values, Z m (mm 6 m 23 ), were computed from the raindrop concentrations by using the relationship (Battan 1973 )
where n is the number of drops per cubic meter and D is the uniform drop diameter (1.5 mm). For the 1.5-mmdiameter raindrops, the specified initial concentration of raindrops (8.779 m 23 ) produced a uniform model reflectivity field of 100 mm 6 m 23 or 20 dBZ. The evolving numerical vortex then redistributed the raindrops to produce tornado-like reflectivity fields. Brown et al. (2005).] We used the numerical model to produce flow and reflectivity patterns for three different-sized tornadoes. Different updraft and vortex intensities were produced in the three experiments by varying the maximum buoyancy (B o ), the radius of the forcing region (r B ), the bottom (h b ) and top heights (h t ) of the forcing region, the angular velocity (V), the radial and vertical grid spacings (Dr and Dh), and the diffusion coefficient (n) (see Table 1 for the list of parameter values used for the three experiments). The buoyancy distribution specified by D05 is given by
Convective available potential energy (CAPE) along the central axis is given by
We used the same values for other parameters that were used in the D05 simulations.
b. WSR-88D radar emulator WSR-88D Doppler velocity and reflectivity measurements of the model tornadoes were simulated using a Doppler radar emulator that reproduced the basic characteristics of a WSR-88D. Several simplifications, however, were employed. Instead of the radar beam consisting of a main lobe and sidelobes, it consisted only of a main lobe that was represented by a Gaussian distribution. The width of the beam typically is specified by the half-power beamwidth, which is the angular width of the beam where the power was one-half of the peak power at the center of the beam (Fig. 1) .
Instead of averaging radar pulses to produce simulated mean Doppler velocity and reflectivity values, the mean Doppler velocity and mean reflectivity factor were computed by averaging distributed model hydrometeor motion and reflectivity values, respectively, within the beam. Hydrometeor motion and reflectivity values were obtained by linearly interpolating threedimensional, gridded model velocity components and reflectivity factors based on raindrop concentrations produced by the D05 model. When the lower portion of the beam was below the ground, the mean Doppler velocity and reflectivity values were computed only for that portion of the beam above the ground. A brief description of the calculation of the volume-averaged Doppler velocity and reflectivity values within the main lobe is found in the appendix. Test computations indicated that this faster approach was a very good approximation to the averaging of successive pulses. For a scanning radar, the antenna can move a significant fraction of the angular beamwidth during the time it takes to collect the required number of samples to estimate the radar parameters within a specific azimuthal sampling interval. As a consequence, the circular beam of the WSR-88D is essentially broadened in the direction of antenna rotation, producing a larger ''effective'' horizontal beamwidth. For the WSR-88D simulations in this study, we used the average WSR-88D antenna halfpower beamwidth of 0.898. As indicated in Fig. 1 of Brown et al. (2002b) , when super-resolution data are collected at 0.58 azimuthal sampling intervals (DAZ), the antenna beamwidth is broadened to an effective beamwidth of 1.028. For DAZ of 1.08 traditionally used by WSR-88Ds (referred to in this paper as legacy resolution), the effective beamwidth is a much broader 1.398. The procedure for computing the simulated effective beamwidth is discussed in Brown et al. (2002b) .
Doppler radar data were simulated using the two different spatial resolutions: (a) legacy resolution and (b) super-resolution. The transmitted pulse length for both the reflectivity and Doppler velocity is 0.25 km (illustrated schematically on the left side of Fig. 2 ). However, before legacy reflectivity values are displayed and recorded, nonmissing reflectivity values from four consecutive pulse lengths (indicated by horizontal dashed lines in Fig. 2 ) are averaged to produce data that represent a coarser 1.0-km range interval.
According to Wood et al. (2001) and Brown et al. (2002b) , WSR-88D detections of mesocyclones and tornadoes can be improved by collecting super-resolution data at a smaller azimuthal sampling interval of 0.58 and at the original 0.25-km pulse length (right side of Fig. 2) . Additionally, Brown et al. (2005) find that actual reflectivity and Doppler velocity signatures in severe storms are more clearly depicted with super-resolution data. The capability to process super-resolution data at lower-elevation angles is now available on WSR88Ds. 
Tornado model numerical simulation results
The D05 numerical model was used to produce the radial, tangential, and vertical components of raindrop motion and reflectivity [computed from the concentration of raindrops using Eq. (1)]. Three different-sized tornadoes were created using the model. In experiment I (EXP I), a medium-sized tornado was produced. Several attempts were made to form a smaller tornado that had a core diameter (diameter of the peak tangential velocities) in the 50-100-m category by varying the model's input parameters while using grid characteristics similar to those in the other experiments. Although these attempts were unsuccessful, it should be feasible to simulate small tornadoes in future studies by employing higher resolution and/or a somewhat more sophisticated tornado model. Instead, we settled for a tornado that had a core diameter aloft (i.e., above 100 m AGL, where the vortex characteristics are more uniform in the vertical) of 150 m and a peak hydrometeor tangential velocity of 32 m s 21 (Fig. 3) . In experiment II (EXP II), the large vortex having a peak velocity of 62 m s 21 and a core diameter of 330 m was produced. In experiment III (EXP III), a rare very large tornado FIG. 6 . Horizontal views of simulated WSR-88D reflectivity signatures measured by a radar located 10, 30, 50, and 70 km from a model weak-reflectivity eye at 2.0-km height for the three tornadoes (EXPs I-III). Patterns in all panels represent legacy-resolution data displayed at 1.08 azimuthal intervals and 1.0-km range intervals. The solid circle represents the true annulus of high reflectivity outside the vortex core. The radar is located beyond the bottom of the figure. 882 having a core diameter aloft of 680 m and peak hydrometeor tangential velocity of 64 m s 21 was generated. These peak rotational velocities and core diameters are consistent with the DOW-based climatology of supercell tornado structures and dynamics (Alexander and Wurman 2008) . Table 2 summarizes these peak rotational velocities and core diameters aloft above the lowest 100 m as well as those in the lowest 100 m for the three tornadoes. It is worth noting that the lower portion of the very large tornado in EXP III had a peak tangential velocity of 92 m s 21 with a core diameter of 230 m at a height of 60 m.
The hydrometeor velocity vectors and streamlines within the three vortices are shown in Fig. 4 . While being lifted by the updraft, the 1.5-mm-diameter hydrometeors were centrifuged outward relative to the air and moved at a speed that was less than the air in the tangential direction (not shown). Thus, centrifuging of raindrops produced a low-reflectivity eye inside the vortex core region and a high-reflectivity annulus outside the core region (Fig. 5) . Some descending raindrops outside the core were drawn into the updraft by strong surface inflow winds, thereby resulting in the recycling of the drops. Recycling of raindrops was more pronounced with the very large vortex (EXP III; Figs. 4c and 4f) than with the large vortex (EXP II; Figs. 4b and 4e), as indicated by higher reflectivities in the lower few hundred meters (Figs. 5b and 5c ). The recycling process is not present in EXP I, owing to the weaker inflow at low altitudes (Figs. 4a and 4d) . 4. Influence of nonuniform scatterer distributions on radar measurements a. Influence of a weak-reflectivity eye on reflectivity measurements
The model velocity and reflectivity outputs from the D05 numerical model were scanned with the WSR-88D emulator to produce simulated legacy-and super-resolution Doppler radar measurements in the three tornadoes. In Figs. 6 and 7, displays of simulated legacy-resolution WSR-88D reflectivity donut-shaped signatures at 2-km height are compared as a function of range with displays showing super-resolution signatures. It is assumed that the radar beam is centered on the weak-reflectivity eyes of three different-sized tornadoes. Owing to the widening radar beam with increasing range, the radar reflectivity signatures are progressively degraded with increasing range. With legacy-resolution data collection (Fig. 6) , a weak knob is associated with the EXP I tornado at ranges of 20 km and greater because the radar beam is much larger than the tornado's weak-reflectivity eye. For the large EXP II tornado, there is a donut signature at 10-km range and a weak knob at greater ranges. With the very large tornado of EXP III, the basic characteristics of the model reflectivity field (Fig.  5 ) are evident. The tornado's wide eye produces a donut reflectivity signature that slowly degrades with increasing range. The donut signature (Fig. 6i) resembles the simulated WSR-88D signature of the weak-reflectivity eye at 32 km from the DOW radar that has been reconstructed from DOW observations of the 12 May 2004 Harper, Kansas, tornado at low altitudes (Wurman and Alexander 2004) . With super-resolution data collection (Fig. 7) , all of the reflectivity signatures are more pronounced and more circular at a given range than with legacy WSR-88D data collection (Fig. 6 ). For the EXP I tornado, a weak donut is evident up through 30-km range. For the EXP II tornado, the donut is obvious to a range of less than 70 km. The donut signature associated with the EXP III tornado is much stronger and more circular than with legacy radar resolution.
If the radar beam, for instance, is located at some distance offset from the weak-reflectivity eye, the donut signature becomes less pronounced. Brown (1997, 2000) showed that the random position of the beam can change the magnitudes and locations of peak Doppler velocity values. The important implication is that short-term variations in tornado intensity and reflectivity structures may be due to (a) the chance positioning of the radar beam relative to the vortex's maximum rotational velocities or the weakreflectivity eye, (b) evolution, or (c) some combination of both. As an introduction to the influence of the distribution of radar scatterers on Doppler velocity measurements across a tornado, Fig. 8 was prepared. Examples of simulated Doppler velocity and reflectivity profiles in the radial direction from the center of the EXP II tornado for the two Doppler radar data resolutions are presented at a height of 2.0 km and at various ranges from the simulated radar. To present continuous Doppler velocity and reflectivity profiles, values were calculated as if the radar were able to make measurements at infinitesimally small azimuth intervals.
If the radar beamwidth and pulse length were zero (i.e., perfect resolution), Doppler velocity and reflectivity measurements would have perfectly reproduced the model tangential velocity and reflectivity values in the tornado, as indicated by the thick, gray curves in Fig. 8 . However, with nonzero pulse lengths and effective beamwidths of 1.028 for super-resolution azimuthal sampling (left side of Fig. 8 ) and 1.398 for legacy sampling (right side), reflectivity and Doppler velocity profiles become degraded, and increasingly so, as the beam broadens with increasing range from the radar.
With super-resolution sampling of the EXP II vortex, the weak-reflectivity eye and higher-reflectivity annulus (Fig. 8a) gradually disappear with increasing range, transforming essentially into a uniform reflectivity field beyond about 50-km range. In contrast, the reflectivity field produced by legacy-resolution sampling is nearly uniform at all ranges (Fig. 8b) . The reason for the marked differences resulting from the two sampling resolutions is evident in Fig. 2 . The reflectivity sampling volume for legacy resolution is 18 3 1.0 km, whereas the sampling volume for super-resolution is 0.58 3 0.25 km, an increase of a factor of 8 in the sampling resolution. As a reference, the bottom panels of Fig. 8 show how the Doppler velocity measurements respond to constant reflectivity values (20 dBZ) across the EXP II vortex. With increasing range from the radar, the Doppler velocity profiles are degraded in a consistent manner, with the peak value decreasing in magnitude and occurring at a greater distance from the vortex center. As expected, the degradation is more pronounced with legacy resolution than with super-resolution.
With nonuniform reflectivity across the tornado, however, the Doppler velocity profiles behave differently as a function of range (middle panels of Fig. 8 ).
Within 20-30 km of the radar, the peak Doppler velocity values occur at a smaller radius than the actual core radius. It is not initially evident why this should be the case, but as will be discussed, it is due to the presence of the weak-reflectivity eye. When the beam is centered on the weak-reflectivity eye of the vortex (Figs. 9a-d ), significant concentrations of hydrometeors are found only at the far edges of each of the sides of the beam (Fig. 9a) . Consequently, the primary Doppler velocity values that are sensed by the radar (Fig. 9d) circle in Fig. 9b ) of the tornado. Because the positive and negative Doppler velocity values on both sides of the beam balance each other (Fig. 9d) , the mean Doppler velocity within the beam is zero. When the beam is centered 0.05 km to the right of vortex center (Figs. 9e-h ), the concentration of scatterers is so small in the left portion of the beam (Fig. 9e) that the dominant reflectivity-weighted Doppler velocity values occur only in the right-most portion of the beam (Figs. 9g and 9h) . The mean Doppler velocity value is assigned to the center of the beam, even though the mean value represents what is occurring along only one fringe of the beam. This, then, is the reason why the peaks of the mean Doppler velocity curves within a few tens of kilometers of the radar in Figs. 8c and 8d occur much closer to the center of the vortex than they would have if there were a uniform distribution of reflectivity across an EXP II-sized vortex (as in Figs. 8e and 8f) .
The panels in Figs. 9-11 show that, as the beam center moves progressively away from the weak-reflectivity eye of the EXP II vortex, the locations of the Doppler velocity values that are represented by the mean Doppler velocity move progressively toward the center of the beam. When the beam center is 0.4 km from the center of the vortex, the main portion of the beam is outside the eye, so the reflectivity values weighted by the radial and azimuthal shapes of the beam are much closer to what they would have been had there been a uniform distribution of reflectivity.
Comparisons of Doppler radar signatures as a function of WSR-88D sampling resolution
Now that we understand how the presence of a weakreflectivity eye and radar sampling affect mean Doppler velocity measurements across a tornado, we compare simulated Doppler radar measurements of the three numerically modeled tornadoes. Displayed in Figs. 12 and 13 are azimuth profiles of mean reflectivity and mean Doppler velocity across the tornadoes (clockwise from tornado center) as functions of range and radar resolution at heights of 0.5 and 2 km, respectively.
There are similar trends in reflectivity and Doppler velocity at both heights. The weak-reflectivity eye becomes less apparent with increasing range from the radar, but at a given range with super-resolution, the larger the tornado's eye, the more prominent the eye in the Doppler radar measurements. With the coarser sampling of the legacy resolution, the weak-reflectivity eye is apparent in the reflectivity measurements only for the very large tornado (EXP III) at heights above about 1 km.
In keeping with the arguments in the previous section, one notes that the range to which the radius of the peak of the mean Doppler velocity curve underestimates the radius of the true peak increases with the increasing size of the weak-reflectivity eye. This effect is less pronounced with the legacy resolution than with the finer sampling of the super-resolution. In all situations, the peak value of the mean Doppler velocity curve decreases as the beam broadens with increasing range from the radar.
A close examination of Figs. 12 and 13 reveals that the width of the effective beam relative to the size of the tornado's core region controls the extent of degradation of the Doppler velocity profile; the wider the beam relative to the core diameter, the greater the amount of degradation. The curves in Fig. 14 represent the ratio of the effective beamwidth (EBW) to the core diameter (CD) as a function of range for all three experiments. For a given amount of degradation (as indicated by a given EBW/CD ratio), the distance from the radar to which a given amount of degradation is found increases with increasing tornado size (EXP I / II / III) and with increasing resolution (decreasing azimuthal sampling interval, DAZ).
The relationship between the 0.58 and 1.08 DAZ curves is summarized in Table 3 . The range ratio of 1.36 for 0.58 super-resolution azimuthal sampling indicates that every 0.58 curve for a given resolution (EBW/CD ratio) is 1.36 times farther in range than the corresponding 1.08 DAZ curve. For EBW/CD 5 3.0, the horizontal boldfaced arrow in Fig. 14 extends in range FIG. 14. Ratio of EBW to CD as a function of range from the simulated radar at a height of 1 km for the three tornadoes. Sloping solid and dashed lines represent the EBW/CD ratios corresponding to azimuthal sampling intervals of 1.08 and 0.58, respectively. Grayscale gradation represents the smearing effects that increase with increasing EBW/CD ratio. At EBW/CD 5 0, there is no smearing (i.e., perfect radar resolution). Boldfaced arrows are discussed in the text. from 40 to 54.4 km (1.36 km 3 40 km). Relative to the 1.08 legacy-resolution azimuthal sampling, the resolution scale is 0.73 for 0.58 DAZ sampling. For example, at 40-km range, the vertical boldfaced arrow indicates that the resolution (EBW/CD) decreases from 3.0 for 1.08 azimuthal sampling to 2.19 (0.73 3 3.0) for 0.58 azimuthal sampling. Though 0.58 azimuthal sampling results in increased resolution and increased range coverage at a constant antenna rotation rate, the standard deviation of the mean Doppler velocity estimate increases by an acceptable value of 1.41 (Table 3) .
Conclusions
Legacy-and super-resolution Doppler velocity and donut-shaped reflectivity signatures associated with three tornadoes were produced using the high-resolution tornado numerical model of Dowell et al. (2005) and a simulated WSR-88D. Compared to legacy-resolution WSR-88D data, super-resolution data have an azimuthal sampling interval of 0.58 instead of 1.08 and a reflectivity range interval of 0.25 km instead of 1.0 km, while for both resolutions, the Doppler velocity range resolution is 0.25 km. As a consequence, superresolution displays have twice the number of Doppler velocity data points and 8 times the number of reflectivity data points.
With the presence of the reflectivity eye at the center of a nearby tornado, Doppler velocity measurements had a peak velocity that was significantly closer to the tornado center than was seen in the model tangential velocity field. This distortion of the Doppler velocity profile was due to radar beams being positioned within the core region having negligible reflectivity-weighted Doppler velocity values within the eye. As a consequence, the only Doppler velocity values being averaged were those strong ones in the part of the beam at the edge of the core region. Therefore, one can expect the Doppler velocity values to peak at a smaller radius than the true radius of the tangential velocity maximum when the effective beamwidth is less than the tornado's true core diameter and there is a weak-reflectivity eye at the center of the tornado. As the beam becomes significantly wider with increasing range from the radar, the radius of the peak Doppler velocity values increases and the magnitude of the Doppler velocity values progressively decrease. At the same time, the eye reflectivity signature at the tornado center fills and eventually disappears. Here, we briefly describe a simulation procedure for calculating the mean (volume averaged) Doppler velocity ( V d ) and radar reflectivity ( Z) within the radar beam. Following the approach of Wood and Brown (1997) ,
where Z ijk is the model reflectivity computed from the raindrop concentration in Eq. (1). In addition, V ijk is the 
undegraded Doppler radial component of a threedimensional wind vector as a function of azimuth (i), range (j), and elevation (k) from a Doppler radar; V ijk is given by
where u p , v p , and w p are, respectively, the radial, tangential, and vertical components of the motion of hydrometeor particles (p) in relation to an axisymmetric vortex center. In (A2), g i ([ b 1 u i ) is the angle between the radar-viewing direction (u i ) and the tangential velocity component of the hydrometeor motion. The angle between east and the radial direction from the vortex center is b (positive in a counterclockwise direction). The terminal fall speed of hydrometeors is V T (a negative quantity toward the ground) and is set equal to 25.4 m s
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, corresponding to the 1.5-mmdiameter raindrops presented in this study.
In (A1), the composite weighting function of the antenna beam pattern (illumination I) is
where u i , R j , and u k are in the azimuth (i), range (j), and elevation (k) indices, respectively, within the beamwidth volume and u o , R o , and u o are at the center of the beam. The elevation angle (u k ) is the sum of the beam's elevation angle to the data point and the angle subtended by the verticals at the radar and at the measurement (i.e., data) point (e.g., Doviak and Zrni c 1993, p. 307) . Note that the last term on the right-hand side of (A2) may be negligible at the lowest elevation angle presented in this study. The weighting function W(R j 2 R o ) has the shape of a trapezoid in the range direction (Wood et al. 2001) . The top of the trapezoid, where the weight is 1.0, has a range depth of 180 m. The base of the trapezoid, where the weight is 0.0, has a range depth of 260 m. The trapezoidshaped pulse depth is the best fit to the WSR-88D pulse (D. Sirmans 2006, personal communication) .
The two-way beam pattern f 4 (u i 2 u o , u k 2 u o ) in (A3) is the antenna pattern (Gaussian) weighting function used to weight the model reflectivity factor values in the azimuthal and elevation directions within the resolution area and is given by
where the standard deviations of the Gaussian density, s , are related to the half-power (23 dB) beamwidth, and u e the horizontal effective half-power beamwidth, and u 3 the vertical halfpower beamwidth. Equation (A4) is a simple Gaussian function that has an approximate width of three oneway half-power beamwidths and neglects the effects of antenna sidelobes (Fig. 1) . For summation computations in (A1) and (A5), the limits of the summation are u i 5 u o 6 1.5u e in the azimuthal direction and u k 5 u o 6 1.5u 3 in the vertical direction. Additionally, the limits of the summation in the range direction are R j 5 R o 6 130 m. For these simulations, the maximum number of data points within the beamwidth volume is I 5 101 in the azimuth direction and K 5 101 in the elevation direction, whereas the maximum number of data points in the range direction is J 5 25. Radar reflectivity ( Z) within the radar beam may be expressed as Z 5
For the plots found in this paper, the mean radar reflectivity factor was converted to logarithmic radar reflectivity in units of dBZ as follows:
dBZ 5 10 log Z 1 mm 6 m À3 ,
where the denominator refers to a reference value. The minimum detectable reflectivity (MDR) for a given radar is a function of the lowest signal that can be detected; by definition, the lowest signal has a signal-tonoise ratio (SNR) of 1.0 or 0 dB. While SNR is independent of range, reflectivity is not. In simplified form, the weather radar equation can be written as 
where C is a constant specific to a given radar and r is the range from the radar (e.g., Battan 1973) . For the WSR-88D, the MDR is specified as 27.5 dBZ at 50 km for the precipitation mode (WSR-88D ROC 2007, 3-57) . Converting 27.5 dBZ to Z and substituting into (A7) at 50-km range, one determines that C is 7.11 3 10 25 mm 6 m 23 km
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. With C known, the MDR value can be computed from (A7) as a function of range (Fig. A1) .
